Plasma levels of the orexigenic hormone ghrelin are suppressed by meals with an efficacy dependent on their macronutrient composition. We hypothesized that heterogeneity in osmolarity among macronutrient classes contributes to these differences. In three studies, the impact of small intestinal hyperosmolarity was examined in Sprague-Dawley rats. In study 1, isotonic, 2.5ϫ, and 5ϫ hypertonic solutions of several agents with diverse absorption and metabolism properties were infused duodenally at a physiological rate (3 ml/10 min). Jugular vein blood was sampled before and at 30, 60, 90, 120, 180, 240, and 300 min after infusion. Plasma ghrelin was suppressed dose dependently and most strongly by glucose. Hyperosmolar infusions of lactulose, which transits the small intestine unabsorbed, and 3-O-methylglucose (3-O-MG), which is absorbed like glucose but remains unmetabolized, also suppressed ghrelin. Glucose, but not lactulose or 3-O-MG, infusions increased plasma insulin. In study 2, intestinal infusions of hyperosmolar NaCl suppressed ghrelin, a response that was not attenuated by coinfusion with the neural blocker lidocaine. In study 3, we reconfirmed that the low-osmolar lipid emulsion Intralipid suppresses ghrelin more weakly than isocaloric (but hypertonic) glucose. Importantly, raising Intralipid's osmolarity to that of the glucose solution by nonabsorbable lactulose supplementation enhanced ghrelin suppression to that seen after glucose. Hyperosmolar ghrelin occurred particularly during the initial 3 postinfusion hours. We conclude that small intestinal hyperosmolarity 1) is sufficient to suppress ghrelin, 2) may combine with other postprandial mechanisms to suppress ghrelin, 3) might contribute to altered ghrelin regulation after gastric bypass surgery, and 4) may inform dietary modifications for metabolic health.
sion are not located in the stomach, i.e., the site of most ghrelin-producing cells, but more distally in the gastrointestinal tract and/or at postabsorptive sites (69, 91) . Third, the magnitude of ghrelin suppression depends on the macronutrient composition of meals; e.g., ingested carbohydrates and proteins both suppress ghrelin more effectively than isocaloric/ isovolumic lipids do (26, 69) . This difference could conceivably result from the greater ability of carbohydrates and proteins to stimulate insulin secretion, since exogenous insulin infusions suppress ghrelin (62) , and postprandial ghrelin suppression usually coincides with a rise of insulin. However, a postprandial rise in plasma insulin levels is not required for meal-related ghrelin suppression, since humans and rats lacking insulin entirely still display ghrelin suppression after meals (28, 62) . Thus macronutrient-related differences in ghrelin suppression cannot be fully explained by the differential ability of various macronutrient types to induce insulin secretion.
The present studies were undertaken to assess whether small intestinal hyperosmolarity (as occurs after meal ingestion) affects ghrelin levels and could partially explain differential ghrelin suppression by various food types. This effort was prompted in part by our earlier observation that intestinal lipid infusions suppress ghrelin poorly and have low osmolarity, whereas isocaloric/isovolumic but hyperosmolar carbohydrates or amino acids are strong suppressants of ghrelin (69) . Moreover, a considerable, decades-old literature reports multiple effects of hyperosmolar foods that are theoretically compatible with suppressed ghrelin levels, i.e., inhibition of gastric emptying, decreased food intake, and increased metabolic rate (11, 19, 21, 29, 36, 38, 39, 66, 89) .
Small intestinal hyperosmolarity, which naturally accompanies food digestion, reflects the intestinal presence of watersoluble, unabsorbed meal constituents, including salts, nutrients, and soluble fibers (33) . Upon leaving the stomach, chyme may have a higher osmolarity than that of surrounding body fluids and tissues, which are generally maintained at ϳ285 mosmol/l in blood and interstitial fluids and within the 400 -700 mosmol/l range in small intestinal villi (34) . Although compensatory mechanisms operate to restore osmotic equilibrium between hyperosmolar intestinal chyme and its surroundings (24) , various mixed meals and hypertonic agents are capable of inducing a more sustained hyperosmolar milieu in the gastric and intestinal lumen (5, 25, 37, 39, 43, 48, 66, 82, 83) .
To assess directly the role of intestinal hyperosmolarity in postprandial ghrelin suppression, three studies were conducted in rats. In the first study, animals with duodenal cannulas received infusions, on different occasions, of agents (glucose, 3-O-methylglucose, or lactulose) selected to induce intestinal hyperosmolarity, but differing in route of digestion, absorption kinetics, caloric value, and insulin-stimulating effects (see MATERIALS AND METHODS) . For each ingredient, infusions were administered at osmolarities (isotonic, 2.5ϫ hypertonic, and 5ϫ hypertonic) that were similar to those of body fluids, nondiet soda, and sherbet ice cream, respectively (38, 90) , and infusion rates were within the physiological range of gastric emptying. Blood was serially sampled via jugular vein catheters to assess ghrelin suppression over the 5-h period following infusions. In study 2, we examined the role of intestinal afferent neural activity in ghrelin responses to 5-fold hypertonic infusion of sodium chloride, using intestinal pre-and coinfusion with lidocaine, a local neural blocker. In the third study, we sought to confirm that osmolarity contributes to the earlier-mentioned differences in ghrelin suppression by intestinal lipids vs. carbohydrates (26, 69) , which could not be attributed to different insulin responses alone (28, 62) . Carbohydrate solutions are of higher osmolarity than isocaloric/ isovolumic lipid emulsions, in part because lipids contain more calories per molecule than do carbohydrates. Hence, we monitored ghrelin responses following three small intestinal infusions: 25 wt/vol% glucose, isocaloric Intralipid, and the same dose of Intralipid rendered equally hypertonic as the 25 wt/ vol% glucose infusion by supplementation with nonabsorbable lactulose.
MATERIALS AND METHODS
Animals. Experiments were performed on male Sprague-Dawley rats (ATL, Kent, WA), aged 16 -25 wk and weighing 300 -450 g. Animals were housed individually at the Veterans Affairs Puget Sound Health Care System (VAPSHCS), Seattle Division, an AAALAC-accredited facility. Rats had ad libitum access to pelleted chow and water between experimental sessions. They were maintained on a 12:12-h light-dark cycle, with lights on at 0600. All procedures were approved by the VAPSHCS Institutional Animal Care and Use Committee.
Rat surgery. Each rat was fitted with a duodenal catheter for infusions of test substances, and also with a jugular vein catheter for undisturbed serial blood sampling, according to procedures described previously in greater detail (69) .
Duodenal feeding catheter placement and testing. Rats were anesthetized with a mixture of 60 mg/kg ketamine and 3 mg/kg xylazine (Phoenix, St. Joseph, MO), administered intraperitoneally. A duodenal catheter was inserted 2 cm distal to the pylorus through a puncture hole made with an 18-gauge needle. Silastic tubing (outer diameter 0.047 in., inner diameter 0.025 in., Braintree Scientific, Braintree, MA) was bonded to a small piece of Bard surgical mesh (Davol, Cranston, RI). After insertion, the catheter-mesh ensemble was tethered to the intestine with a three-loop purse-string of 6-0 silk suture (US Surgical, Norwalk, CT).
Jugular vein catheter placement. The right jugular vein was cannulated with Silastic tubing (outer diameter 0.037 in., inner diameter 0.02 in., VWR), inserted through a 2-cm skin incision. The proximal end of the tubing was tunneled subcutaneously to the head, on which it was secured, along with the intestinal catheter, by using an acrylic skull cap (Lang Dental, Wheeling, IL) (73) .
Experimental protocol. Rats recovered from surgery for at least 2 wk before being tested. They were habituated to residence in Plexiglas test cages (30 ϫ 25 ϫ 35 cm) for two nights before the start of each experiment. At 1700 on the day before infusions, animals were placed individually in the experimental cages, allowing intestinal infusions and repeated blood sampling to be performed without disturbing the rats. To establish high baseline ghrelin levels, food was withheld for 18 h before each experimental session. One hour before infusions, each animal's head cap was connected with separate lines (PE-100, VWR) for blood sampling and administration of infusates, respectively. Infusions were initiated at 1100, and blood was sampled repeatedly during the ensuing 5-h period. Infusates were given in random order, spaced at least 6 days apart from one another.
Blood sampling and analysis. Five minutes before the start of each nutrient infusion, a baseline blood sample (volume: 300 l) was drawn from the jugular vein catheter, and additional samples were collected at 30, 60, 90, 120, 180, 240, and 300 min after the onset of infusion. Blood glucose levels were immediately analyzed with a portable glucose meter (Accu-Check, Roche, Indianapolis, IN). The remaining blood was transferred to 0.5-ml microcentrifuge tubes containing 10 l of 7.5% EDTA and placed immediately on ice. Between 2 and 3 h after collection, blood samples were centrifuged, and the plasma was withdrawn and stored at Ϫ80°C. Plasma levels of total ghrelin were measured by radioimmunoassay using a primary antibody against rat ghrelin and 131 I-labeled ghrelin as the tracer (kit RK-031-31, Phoenix Pharmaceuticals, Belmont, CA) (17) . This assay detects both acylated and des-acyl ghrelin. Although acylated ghrelin is the primary bioactive form, levels of the two forms correlate closely with one another across a wide variety of physiological manipulations that affect ghrelin concentrations (4, 26, 61, 63) . Plasma insulin was measured by a commercial radioimmunoassay (kit SRI-13K Linco Research, St. Charles, MO).
Infusions in study 1: ghrelin suppression by duodenal infusions of agents with different absorption kinetics and metabolism at three osmolarity levels. Selected for their diversity in absorption kinetics and metabolism, four ingredients were used to test effects of intestinal osmolarity on circulating ghrelin levels: glucose, 3-O-methylglucose (3-O-MG), lactulose (all purchased from Sigma-Aldrich, St. Louis, MO), and isotonic saline (0.9% NaCl). On separate occasions, these solutions were infused into the duodenum, each at the same volume (3 ml) but varying osmolarities. Glucose is a caloric, absorbable monosaccharide [molecular weight (MW): 180] that suppresses ghrelin levels very effectively following ingestion or intestinal infusion (69). 3-O-MG is a modified, noncaloric form of glucose (MW: 194) that is likewise absorbed via intestinal transporters SGLT-1 and SGLT-3 but remains unmetabolized and is excreted unchanged in urine (13, 85) . Small intestinal infusions of 3-O-MG increase satiation in rats (56) . Because of their common route of absorption, intestinal glucose and 3-O-MG represent similar, transient osmotic stimuli. Lactulose is a synthetic disaccharide (MW: 342) consisting of one fructose and one lactose unit linked by a ␤-1,4 glucosidic bond that resists digestive breakdown by small intestinal glucosidases and therefore transits the full length of the small intestine unabsorbed (77) . The prolonged presence of nonabsorbable substances like lactulose in the small intestinal lumen causes more durable hyperosmotic and anorexigenic effects than do absorbable substances (19) . Upon entry into the cecum and colon, lactulose is fermented by resident bacteria into lactate and short-chain fatty acids, which contribute their own osmotic activity (77) . Isotonic saline (0.9% wt/vol NaCl) was used as a control. All test solutions were infused at 0.3 ml/min over 10 min. This infusion rate is equal to the estimated physiological gastric emptying rate of 25 wt/vol% glucose solution (44), i.e., the most energy-dense and hypertonic test solution in the present studies. Consequently, the other isovolumic infusions in our studies also represented caloric and osmotic stimuli within the physiological range.
Infusions in study 2: ghrelin suppression by duodenal infusions of iso-and hyperosmolar saline. Isotonic (0.9 wt/vol% NaCl) and hypertonic (4.5 wt/vol % NaCl) saline solutions were duodenally infused at 0.3 ml/min over 10 min to deliver a noncaloric, nonglycemic, noninsulinotropic, nonfermentable stimulus. Hypertonic saline is known to have anorexic effects (11, 38) . The role of neural signaling in ghrelin suppression by hypertonic saline was evaluated by intestinal infusion of lidocaine, which blocks intestinal-afferent and submucosal neuronal activity (50, 93) . Related, locally acting compounds are known to attenuate hyperosmolarity-induced anorexic effects in pigs and cattle (3, 38) . Mucosal application of lidocaine has a rapid onset of action (Ͻ5 min; Refs. 78, 93) and a duration of action of up to 30 min (78, 86) . We administered lidocaine as a combined pre-and coinfusion. The preinfusion (0.5 wt/vol% lidocaine in 1 ml isotonic saline; duration 1 min) was timed 5 min prior to the hypertonic saline infusion, whereas a second dose of lidocaine (0.5% wt/vol) was coinfused with the hypertonic saline (3 ml). We had previously observed that lidocaine administered in this fashion attenuated ghrelin suppression by 2.5-fold hypertonic glucose infusions (t-tests P Ͻ 0.02 for ghrelin nadir, and P Ͻ 0.005 for decremental area under the ghrelin curve) and that lidocaine alone did not raise ghrelin levels (68) .
Infusions in study 3: ghrelin suppression by intestinal infusions of isocaloric lipids, glucose, and lipids rendered iso-osmotic to the glucose by supplementation with nonabsorbable lactulose. The purpose of the third study was to test whether hyperosmolarity contributed to the stronger ghrelin suppression by glucose than by isocaloric/ isovolumic Intralipid that we observed previously (69) . Intralipid (Baxter Healthcare, Deerfield, IL) is a near-isotonically formulated, broad-spectrum mixture of primarily long-chain triglycerides, with small quantities of phospholipids, glycerol, and ions. The osmolarity of Intralipid infusions should be considerably less than that of the isocaloric glucose solution because 1) lipids contain more calories per molecule than does glucose and 2) in contrast to glucose, lipids and their hydrolysates poorly mix with the aqueous, osmolarity-carrying phase of the intestinal chyme. In the present study, a 3-kcal Intralipid infusate was mixed with distilled water to a 3-ml volume. The isocaloric glucose infusion (3-ml, 25% wt/vol glucose in water) had an estimated osmolarity of 1,390 mosmol/l, i.e., considerably larger than that of the Intralipid infusion (osmolarity between 105 and 210 mosmol/l, depending on the intestinal hydrolysis of the infusate). The third infusion contained the Intralipid infusate supplemented with 1.27 g lactulose to equalize osmolarity, volume, and small intestinally bioavailable calories with the 25% wt/vol glucose solution.
Data analysis. Data were analyzed by use of SYSTAT software (Systat Software, San Jose, CA). To limit confounding by interanimal differences, ghrelin levels were expressed as percentages of preinfusion baseline values. Three parameters were calculated to describe the dynamics of ghrelin responses to gastrointestinal infusions. Ghrelin nadir (GN) is the lowest ghrelin level (expressed as a percentage of baseline) reached within the 5-h observation period following infusions. Time to ghrelin nadir (TGN) is the time required for ghrelin levels to reach their nadir. Decremental area under the curve (D-AUC total) was calculated as an overall index of the ghrelin response over the entire 5-h monitoring period and defined as 100% minus the area under the ghrelin curve, determined by the trapezoidal rule. Following our earlier approach of meal-induced ghrelin responses in humans (26) and post hoc inspection of our present data, we found that distinct and interpretable between-condition differences in ghrelin curves occurred mainly during the initial 3 h after infusion. To capture this pattern of responses, we calculated and analyzed the corresponding response parameter, the decremental area under the curve during the first 3 h (D-AUC3h). Effects of infusion type or dose on ghrelinresponse parameters were tested by one-way ANOVA, followed by post hoc Bonferroni-corrected t-tests (departing from P value of 0.05 as significance threshold) to confirm pairwise, between-condition differences. Fig. 1A ). Post hoc analyses confirmed different GN between the two hyperosmolar glucose doses vs. isotonic saline (see Fig. 3 for ghrelin responses to isotonic saline infusions) and different D-AUC 3h across all glucose doses. D-AUC total was larger after the highest glucose dose vs. the lowest glucose dose and saline. Glucose dose did not affect TGN. These results confirm that duodenal glucose infusions, which represent an absorbable/ metabolizable caloric load, insulinotropic stimulus, and intestinal osmotic stimulus, suppress ghrelin in a dose-dependent fashion.
RESULTS

Study 1. Ghrelin suppression by duodenal infusions of
Hypertonic 3-O-MG infusions suppressed plasma ghrelin levels, as shown by main effects of dose on GN, D-AUC 3h , and D-AUC total (Table 1; Fig. 1B ). The highest-dose and saline condition significantly differed in post hoc tests. These results show that ghrelin can be suppressed by hyperosmolar 3-O-MG, i.e., a noncaloric, nonmetabolizable stimulus with similar intestinal absorption as glucose, but without stimulatory effect on insulin secretion. Intestinal lactulose infusions suppressed ghrelin as well. There was a significant dose-effect on GN, D-AUC 3h , but not D-AUC total , which underscores that ghrelin suppression occurred primarily during the initial hours after infusion (Table 1 ; Fig. 1C ). Effects on D-AUC 3h were further supported by a statistically significant difference between the highest lactulose dose and saline. No statistically significant effects were found for TGN. Thus ghrelin can be suppressed by hyperosmolar solutions of lactulose, which remains undigested and unabsorbed from the small intestine and which does not significantly stimulate blood glucose or insulin levels.
Furthermore, effects of infusions of glucose, 3-O-MG, and lactulose were compared at three osmotic levels: isotonic, 2.5-fold hypertonic, and 5-fold hypertonic. Also, hypertonic saline (of study 2) was included in this analysis.
At the 5-fold hyperosmolar level, solutions with different substances exerted different effects on GN, D-AUC 3h , and D-AUC total (Table 1) , reflecting more effective ghrelin suppression by hyperosmolar glucose than by hyperosmolar saline, lactulose, and 3-O-MG solutions. No differences were seen in TGN.
Across 2.5-fold hyperosmolar-infusion conditions, a main effect for infusion type was found for GN (Table 1) , supported by a significantly larger ghrelin suppression after glucose than after 3-O-MG infusions. At this osmotic level, no infusion-type effects were found for D-AUC 3h , D-AUC total , or TGN.
The lowest, isotonic dose of all three infusates suppressed ghrelin levels least effectively. Also, at this level of osmolarity, no differences among agents were found regarding GN, D-AUC 3h , D-AUC total , or TGN.
Plasma insulin and blood glucose responses were analyzed for the highest (5-fold hypertonic) doses of glucose, lactulose, and 3-O-MG. A main effect of infusion type [peak level; F(2,13) ϭ 7.9, P ϭ 0.006] revealed a much larger insulin response to glucose than to lactulose or 3-O-MG infusions ( Fig. 2A) . Glucose infusions raised insulin levels significantly (10-fold), whereas lactulose caused a minimal, transient rise in insulin, and 3-O-MG infusions caused no rise at all. Blood glucose levels increased more after glucose infusions than after lactulose infusions (peak rises of 3.1 and 0.2 mmol/l, respectively; P Ͻ 0.001; Fig. 2B ). The measured, durable rise in blood glucose readings after 3-O-MG infusions is presumably an artifact caused by a combination of 1) cross-reactivity of circulating 3-O-MG with the glucose sensor of the measurement device and 2) an absent insulin response, so that the removal of 3-O-MG from the circulation is not supported by insulin-stimulated transport, as it is for glucose. Indeed, earlier studies using more specific assays for 3-O-MG showed unaltered blood glucose levels and near-complete recovery in urine of 3-O-MG after oral infusions (9, 13). The glucometer readings in our study do, however, imply that the small intestinal absorption of 3-O-MG is rapid and extensive and that hyperosmolarity-related ghrelin suppression does not require increases in plasma insulin or blood glucose. Fig. 3 , hyperosmolar infusions of NaCl (4.5 wt/vol%) suppressed ghrelin more deeply than did isotonic (0.9 wt/vol%) NaCl, as reflected by main effects on GN and D-AUC 3h (Table 1) and betweencondition post hoc tests (P Ͻ 0.05). Effects on D-AUC total and TGN did not reach significance. Contrary to our expectation, ghrelin suppression by hyperosmolar NaCl was unattenuated by pre-and coinfusion of lidocaine.
Study 2. Ghrelin suppression by duodenal infusions of isoand hyperosmolar saline. As shown in
Study 3. Ghrelin suppression by intestinal infusions of isocaloric lipids, glucose, and lipids rendered iso-osmotic to the glucose by supplementation with nonabsorbable lactulose.
To test whether the osmolarity of infusions could explain differences in ghrelin suppression by intralipid vs. glucose, we compared effects of three isovolumic (3-ml) intestinal infusions: 1) Intralipid (low-osmolar), 2) isocaloric glucose (25 wt/vol%; hyperosmolar), and 3) Intralipid rendered iso-osmotic to the 25% glucose solution by addition of the nonabsorbable osmotic agent lactulose.
One-way ANOVAs over three conditions showed significance on GN, D-AUC 3h , and D-AUC total (Table 1) . Post hoc tests of these ghrelin-response parameters showed that the rank order of efficacy by which the three infusions suppressed ghrelin was Intralipid Ͻ Intralipid ϩ lactulose ϭ glucose (Fig. 4) . Thus, although the weaker ghrelin suppression by Intralipid compared with isocaloric glucose infusions replicated our previ- Fig. 1 . Plasma ghrelin responses to duodenal infusions of isotonic, 2.5-fold, and 5-fold hypertonic solutions of the following different saccharides: glucose (intestinally absorbable and metabolizable) (A); 3-O-methylglucose (3-O-MG; intestinally absorbable, but unmetabolizable) (B); lactulose (intestinally unabsorbable) (C). All infusions started at t ϭ 0 min and lasted for 10 min, thus delivering a 3-ml volume at a physiological rate. Analyses of variance showed that all substances suppressed ghrelin levels dose dependently in terms of ghrelin nadir (GN) and 3-h decremental area under the curve (D-AUC3h). At equivalent osmolarity, glucose suppressed ghrelin more strongly than did lactulose and 3-O-MG, as judged by GN and D-AUC3h. *Significant between-condition differences (ANOVA P Ͻ 0.05) for individual time points.
ously data (69), Intralipid could be made to suppress ghrelin as strongly as glucose by osmotic supplementation with lactulose.
DISCUSSION
Here we demonstrate for the first time that circulating ghrelin levels are suppressed by increases in small intestinal osmolarity, even in the absence of nutrient absorption and metabolism, or insulin stimulation.
We examined the role of small intestinal osmolarity as a contributing factor in ghrelin suppression in three studies. Ghrelin levels were monitored in rats receiving duodenal infusions of various osmotically active agents at isotonic, 2.5-fold, and 5-fold hyperosmolar doses, thus covering osmolarities of a wide range of common foods (38, 90) . Plasma ghrelin was suppressed dose dependently by glucose, as well as by hyperosmolar infusions of lactulose, 3-O-MG, and saline, substances that in contrast to glucose are noninsulinotropic and either noncaloric or unabsorbable by the small intestine. Small intestinal pre-and coinfusion of lidocaine did not abolish ghrelin suppression by hypertonic saline. Finally, supplementation of lipids, the weakest macronutrient ghrelin suppressors (26, 69) , with nonabsorbable lactulose to make the infusate iso-osmotic with a glucose infusion, rendered the two solutions equivalent in capacity to suppress ghrelin.
Attention was paid to the physiological relevance of the infusions. The volume (3 ml) and caloric loads (Յ3 kcal) of the Fig. 2 . Plasma-insulin (INS; A) and blood-glucose (BLG; B) responses to 3-ml duodenal infusions of hyperosmolar (5-fold hypertonic) glucose, lactulose, and 3-O-MG solutions. Only glucose infusions induced a distinct rise of INS and BLG, which demonstrates that significant ghrelin suppression by hypertonic substances does not require a rise in INS or BLG. ¶The measured rise in BLG after 3-O-MG infusion is presumed to be artifactual, caused by cross reactivity of 3-O-MG with the glucometer sensor. Previous studies with different assays indicate that oral doses of 3-O-MG do not raise BLG levels (9, 13). *Significant differences (P Ͻ 0.05) across conditions ( Fig. 2A) or between lactulose vs. glucose (Fig. 2B) conditions for individual time points. Fig. 3 . Plasma ghrelin responses to duodenal infusions of isotonic saline, 5-fold hypertonic saline, and 5-fold hypertonic saline pre-and coinfused with the local neural blocker lidocaine. Ghrelin was suppressed by the small intestinal presence of hypertonic saline, i.e., a nonglycemic, noninsulinotropic, noncaloric, nonfermentable hyperosmolar substance. Pre-and coinfusion of the neural blocker lidocaine did not attenuate ghrelin suppression. *Significant between-condition differences (ANOVA P Ͻ 0.05) for individual time points. infusions are at the lower end of the range of regular spontaneous liquid meals in rats (6) , and the infusion rate (0.3 ml/min) was within the physiological range of gastric emptying after oral intake of liquid food (44) . The osmolarities of the hyperosmolar infusions reflected those of sucrose-containing consumer foods, e.g., nondiet soda drinks and sherbet ice cream (36, 90) . Although gastrointestinal mechanisms such as influx of fluids and gradual nutrient absorption probably moderated the postinfusion hyperosmolarity within the intestinal lumen, it is reasonable to assume that sustained small intestinal hyperosmolarity was achieved (37-39, 66, 82) .
Because of the intestinal infusion site (2 cm distal to the pylorus) and the forward direction of peristaltic flow, contact of the infusates with gastric ghrelin cells probably played a negligible role in ghrelin suppression. Intestinal actions, e.g., via mechanosensitive, neurocrine, or hormonal pathways were likely involved, as discussed below (69, 92) . This is underscored by the observation that for all infusions, osmolarity-related differences in ghrelin suppression occurred primarily during the first 3 h, i.e., the time window in which infused substances were present in the small intestine. Remarkably, in spite of their transient gastrointestinal presence, quickly absorbed substances (glucose, 3-O-MG, and hypertonic NaCl) suppressed ghrelin as effectively as did the unabsorbed disaccharide lactulose, which might also have additional action in the colon (see below).
Six decades ago, Hunt (40) postulated the existence of small intestinal osmoreceptors responsive to ingested food. Several physiological mechanisms described since then have likely contributed to ghrelin suppression in the present study. First, osmotically induced, early intracellular responses and longerlasting gene transcription effects occur in enterocytes (2, 12, 51) . Second, intestinally absorbed, ghrelin-suppressing agents, e.g., glucose and 3-O-MG are known to trigger the secretion of neurocrine and hormonal factors, e.g., CCK, GLP-1, and 5-HT, from enteroendocrine cells (30, 45, 72, 93) . Third, osmotic influx of fluid into the intestinal lumen stimulates mechanosensors and activate enteric, vagal, and spinal neural pathways (19, 27, 32) . We hypothesized partial neural mediation of hyperosmolarity-induced ghrelin suppression based on neurophysiological, neurosurgical, and pharmacological studies (e.g., Refs. 21, 39, 54, 93) and our prior observations that coinfusion with lidocaine attenuated ghrelin suppression by 2.5-fold hypertonic glucose for at least 1 h (68). However, unexpectedly, hypertonic-saline-induced ghrelin suppression was not attenuated by lidocaine. This may indicate that hyperosmolar-saline-induced neuronal signals originate predominantly from outer, serosal layers of the intestinal wall, beyond reach of luminally infused lidocaine (35, 50, 93) . It should be noted that lidocaine's efficacy may have been weakened because of dilution by osmotically attracted fluid in the intestinal lumen and proceeding systemic absorption of the drug. Unfortunately, the use of still higher doses of lidocaine was unattainable, given the acute cardiorespiratory toxicity of lidocaine in rats (55) . Selective blockade of a considerable number of neurochemical (e.g., gut-peptide and neurotransmitter) as well as neuroanatomical (vagal and nonvagal) pathways would be required to identify the key mechanisms in hyperosmolar ghrelin suppression. Such interventions, however, were beyond the scope of the present studies.
A notable implication of the present results is that noncaloric hyperosmolar substances may reduce plasma levels of ghrelin, thereby controlling a physiological signal of short-term hunger, long-term negative energy balance, and motivation to eat (14, 16, 67) . This statement should be qualified for lactulose. Although lactulose does not provide detectable calories while in the small intestine, it can be fermented by resident cecal and colonic microbiota (77) . A role of colonic fermentation is possible but probably not crucial in lactulose-induced ghrelin suppression because of the early onset of ghrelin suppression after duodenal infusion and the observed equal efficacy of hyperosmolar lactulose and unfermented agents NaCl and 3-O-MG to suppress ghrelin. Also, the literature is inconclusive as to whether colonically fermented, "prebiotic" saccharides enhance ghrelin suppression (compare Ref. 10 vs. Refs. 70 and 74) .
Another implication of the present results is that neither meal-induced insulin secretion nor postprandial rises in blood glucose levels are required for ghrelin suppression. Although, in general, meal-induced ghrelin suppression coincides with the postmeal rise in insulin (17, 69) , suppression of ghrelin by hypertonic lactulose and 3-O-MG in our rats occurred without a distinct rise in insulin, confirming results in diabetic humans and animal models (28, 62) .
Overall, our present results indicate that either nutrient-or hyperosmolarity-related mechanisms are sufficient to suppress ghrelin, but that they may also act additively, or synergistically. Additive effects of nutrient and osmotic factors are illustrated by study 1, in which ghrelin was suppressed more strongly by osmotic and caloric glucose than by equally osmotic but noncaloric or lower-caloric infusions of 3-O-MG, sodium chloride, and lactulose. Another illustration, from study 3, is the enhancement of lipid-induced ghrelin suppression by osmotically active lactulose. Mechanistically, lactulose-induced osmotic flow into the intestinal lumen might have increased the volume of the coinfused lipid bolus and accelerated the spread of nutrients over a lengthier segment of the small intestine (1, 7), thus enhancing ghrelin suppression (52) analogously to mechanisms underlying satiation (56, 57) .
The finding of ghrelin suppression by small intestinal hyperosmolarity may help explain a number of older observations and inform the design of dietary interventions.
First, our data indicate that the larger ghrelin suppression by intestinal glucose or amino acids compared with isocaloric/ isovolumic lipids may be related to the greater osmolarity of the former two (smaller-sized and more hydrophilic) substances for any given number of calories.
Second, ghrelin suppression might be one of the mechanisms by which hyperosmolar foods reduce food intake in humans, rats, monkeys, sheep, cows and pigs (19, 29, 38, 49, 89) and increase thermogenesis in rats (66) . Presumably, single hypertonic meals have a transient anorexic effect. The possibility, however, that sustained or repeated hyperosmolar intestinal stimuli could suppress food intake durably deserves more scrutiny. Some studies found that hyperosmolar diets acutely reduced energy intake without evoking a compensatory increase in meal frequency (19, 38) . This would suggest an effect on meal-to-meal regulation, in keeping with ghrelin's role as a signal in meal initiation and motivation to eat (15, 67) . However, other studies showed increases in meal frequency after initial hyperosmolarity-induced suppression of food intake (3, 59) . Another intriguing long-term effect on feeding reported by Davis and Perez (20) is that intestinal hyperosmolarity may limit meal size on subsequent occasions through a flavorconditioning process.
Third, hyperosmolarity-induced ghrelin suppression could play a role in patients who have undergone Roux-en-Y gastric bypass surgery (RYGB) as a treatment for severe obesity and/or Type 2 diabetes (79, 84) . In the surgically rearranged gastrointestinal tract, ingested food can enter the proximal small intestine at an accelerated rate (87) because the pylorus, which naturally regulates gastric emptying, is bypassed. The ingested food remains segregated from bile and pancreatic digestive enzymes until it reaches the common intestinal limb downstream. The flow of undigested food, which has pleiotropic effects on the structure and metabolism of the intestinal wall (60, 76) and may support postprandial ghrelin suppression (47, 75, 79) , can trigger hyperosmotic episodes, as evidenced by the increased prevalence of discomfort and dumping syndrome after RYGB (58, 80, 87) . Dietary recommendations for RYGB-treated patients are therefore to moderate consumption of high-sugar foods (22, 71, 81) . Hyperosmolarity-related ghrelin suppression might be a novel, contributing factor to reduced appetite after RYGB, as well as a compromise of the normal compensatory increase in ghrelin levels that occurs with diverse mechanisms of weight loss, but typically not after RYGB (18, 84) .
Finally, enhancing small intestinal osmolarity might be used as a dietary strategy to limit ghrelin levels, e.g., to support attempts to lose weight. Prima facie, a sensible approach would be to increase dietary content of fibers, which by definition are poorly absorbable or nonabsorbable from the intestine. However, available data on fiber-rich diets are inconclusive, with several studies demonstrating ghrelin reduction (31, 42, 49, 64) , but others not (46) . A plausible reason for this is that ingredients classed as "fiber" have diverse gastrointestinal effects (viscosity enhancement, fermentation, increased water binding), that may or may not increase small intestinal osmolarity (53) . In fact, two common properties of fibers may even weaken meal-related ghrelin suppression: 1) the sequestering of luminal nutrients by viscous fibers may blunt gastrointestinal hormonal responses (42) , and 2) the large molecular weights of many dietary fibers [typically between 10 kDa and 5,000 kDa (41)] may impede a significant contribution to osmolarity. Note that, in the present study, the ghrelin-suppressant hyperosmotic agents (saccharides and sodium chloride) were of low molecular weight, i.e., below 1 kDa, with low viscosity and, except lactulose, nonfermentable. Further research should determine whether and how various fibers could be formulated to enhance small intestinal hyperosmolarity and ghrelin suppression, without causing discomfort.
A second dietary approach to stimulate small intestinal hyperosmolarity could be to enhance levels of macronutrient polymers (i.e., proteins and carbohydrates), which during digestion produce many transiently osmotically active oligo-and monomers (23, 65) . One observation supporting this concept is that weight loss after a low-fat, high-carbohydrate diet is not associated with the usually observed compensatory rise in ghrelin (88) .
In conclusion, we propose small intestinal hyperosmolarity as a novel factor contributing to postprandial ghrelin suppression. In support of this notion, plasma ghrelin levels in rats are suppressed by hyperosmolar duodenal infusions, delivered at physiological rate, of ingredients with different absorption routes, insulinotropic efficacies, metabolic fates, and calorie contents. Osmotically active agents may also interact with nutrients to enhance ghrelin suppression, as shown by combinations of lactulose and lipids. Hyperosmolarity-related ghrelin suppression may help explain several previously reported phenomena, including different macronutrient efficacies to suppress ghrelin, anorexigenic effects of hypertonic foods in various species, and altered ghrelin regulation after RYGBinduced weight loss.
Future analyses should identify the contribution of different neural and hormonal pathways and determine whether intestinal hyperosmolarity could serve as a dietary target to influence ghrelin levels, energy intake, and, ultimately, metabolic health.
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